Absorption cross sections of minor constituents in planetary atmospheres from 1050 to 2100 angstrom by Samson, J. A. R. & Myer, J. A.
GCA -TR-6 9 -7 -N 
NASA C;;107750 
ABSORPTION CROSS SECTIONS OF MINOR CONSTITUENTS 
IN PIANETARY ATMOSPHERES FROM 1050 TO 2100f 
By J. A. R. Samson 
J. A. Myer 
GCA CORPORATION 
GCA TECHNOIQGY DIVISION 
Bedford, Massachusetts 
Contract No. NASW-1726 
Dr. F. F. Marmo, Project Director and 
Principal Investigator 
November 1969 
Prepared by 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Headquarters 
Washington, D. C. 20546 
https://ntrs.nasa.gov/search.jsp?R=19700007516 2020-03-12T01:48:52+00:00Z

Sec t ion  
INTRODUCTION 
THEORETICAL DISCUSSION 
INSTRUMENTATION 
EXPERIMENTAL TECHNIQUE 
RESULTS 
Carbon Monoxide 
Ammonia 
Methane 
N i t r i c  Oxide 
Su lphur  Dioxide 
Water Vapor 
Carbon Dioxide 
Oxygen 
Hydrogen C h l o r i d e  
I o d i n e  
I o d i n e  Cyanogen 
TABLE OP CONTENTS 
REFERENCES 
ABSORPTION CROSS SECTIONS OF MZNOR CONSTITUENTS 
T N  PTANETARY ATFfOSPHERES FROM 1050 TO 21002 
By J +  A .  R .  Samson and J ,  A ,  Myer 
GCA Corporation, GCA Technology Divis ion 
Bedford, Massachusetts 
SUMMARY 
The abso rp t ion  c ros s  s e c t i o n s  of t h e  fol lowing gases  have been 
measured i n  the wavelength range 1050 t o  22002: 02, NO, 12, HCI ,  CO, 
C02, S02, H20, ICN, NH3, CHq. Curves a r e  presented  of t h e  c r o s s  s e c t i o n s  
a s  a  func t ion  of wavelength f o r  each gas w i th  a  s h o r t  d e s c r i p t i o n  of t h e  
important abso rp t ion  f e a t u r e s .  
INTRODUCTION 
The atmospheric  absorp t ion  of s o l a r  u l t r a v i o l e t  r a d i a t i o n  by con- 
s t i t u e n t  gases  i s  of prime importance i n  t h e  study of p l ane t a ry  atmos- 
pheres,  These cons t i t uen t s ,  even i n  many of t h e  ca ses  when they  a r e  
r e l a t i v e l y  minor ones, w i l l  p lay  a  s i g n i f i c a n t  r o l e  i n  t h e  o p t i c a l  
c h a r a c t e r i s t i c s  of t h e  atmospheres. 
We have measured t h e  abso rp t ion  c r o s s  s e c t i o n s  i n  t h e  r eg ion  
1050 t o  2200g of a number of gases  t h a t  a r e  p o s s i b l e  atmospheric con- 
s t i t u e n t s .  The absorp t ion  s p e c t r a  of many of t h e s e  p o s s i b l e  c o n s t i t u e n t s ,  
e s p e c i a l l y  t h e  minor ones, have n o t  been measured under h igh  r e s o l u t i o n  
and i t  i s  p o s s i b l e  t h a t  they may b e  s i g n i f i c a n t  absorbers  i n  some reg ions  
of t h e  spectrum. This  could be p a r t i c u l a r l y  t r u e  i n  t h e  s p e c t r a l  reg ions  
where t h e  abso rp t ion  p r o p e r t i e s  of t h e  major c o n s t i t u e n t s  a r e  r e l a t i v e l y  
weak and t h e  minor c o n s t i t u e n t s  have ve ry  s t rong  absorp t ion  f e a t u r e s .  
I n  some cases ,  t h e s e  p o s s i b l e  s t rong  f e a t u r e s  would be due t o  resonance 
bands belonging t o  Rydberg s e r i e s .  They would be a n t i c i p a t e d  t o  be 
very sharp  d i s c r e t e  bands thus  emphasizing t h e  need f o r  h igh  r e s o l u t i o n  
i n  t h e i r  measurement . 
Since most of t h e  a v a i l a b l e  d a t a  between 1050 and 2200a f o r  many 
of t h e  more prominent atmospheric gases  have been obtained wi th  some- 
what poorer r e s o l u t i o n  than we c u r r e n t l y  have a v a i l a b l e  (NO. 2 8 ) )  it was 
decided t o  remeasure t h e  abso rp t ion  c r o s s  s e c t i o n s  of s e v e r a l  of t h e  
b e t t e r  known major c o n s t i t u e n t s .  We would a l s o  be a b l e  t o  r e p o r t  t h i s  
information i n  a  s tandard ized  l i n e a r  f a sh ion  f o r  a l l  gases ,  which i s  no t  
t h e  ca se  f o r  much of t h e  previous c r o s s  s e c t i o n  work s c a t t e r e d  through- 
out  t h e  l i t e r a t u r e .  
Th i s  improvement i n  s p e c t r a l  r e s o l u t i o n  i s  very important i n  d e t e r -  
mining t h e  more accu ra t e  c ros s  s e c t i o n s  f o r  sharp absorp t ion  f e a t u r e s  
a s  w e l l  a s  i n  a i d i n g  any i n t e r p r e t a t i o n  of t h e  phys i ca l  mechanisms r e -  
spons ib l e  f o r  t h e  observed f e a t u r e s .  A s  a n  example of t h i s ,  we were 
a b l e  t o  demonstrate i n  s eve ra l  cases  t h a t  t h e r e  were no s i g n i f i c a n t  
cont inua underlying t i g h t l y  spaced groups of bands a s  had been r epor t ed  
previous ly .  
The i n t e r p r e t a t i o n  of vacuum uv absorp t ion  s p e c t r a  i s  a  f i e l d  where 
the re  i s  a  d e f i n i t e  need f o r  improvement, s ince  we a r e  unable t o  p r e d i c t  
f o r  many molecules,  whether an  a b s o r p t i o n  f e a t u r e  i s  caused by molecular 
d i s s o c i a t i o n ,  p red i s soc i a t ion ,  i o n i z a t i o n ,  o r  resonance e x c i t a t i o n  a s  
i l l u s t r a t e d  by t h e  following mechanisms. 
- + X Y + M + K E  
Xn t h e  above scheme, ' denotes  e x c i t a t i o n  t o  a  t r a n s i t o r y  ( r e p u l s i v e )  
s t a t e  which decomposes i n  i t s  f i r s t  v i b r a t i o n  and " denotes  normal e x c i t a -  
t i o n  t o  a  d i s c r e t e  e l e c t r o n i c  l e v e l  which may o r  may n o t  p r e d i s s o c i a t e  
o r  au to ion ize .  There a r e  many more p o s s i b l e  r e a c t i o n  pa ths  but  t h e  
above a r e  a  few of t h e  more important  ones. 
Knowledge of t h e  phys ica l  mechanism re spons ib l e  f o r  an  abso rp t ion  
f e a t u r e  i s  extremely important i n  improving our understanding of t h e  
e f f e c t i v e  processes  and r eac t ions  of p l ane t a ry  atmospheres. Information 
de f in ing  t h e  product r a d i c a l  of a  given photodissoc ia t ion ,  t he  energy 
d i s t r i b u t i o n  of t h e  products ,  t he  p o s s i b i l i t y  of t h e i r  r e a c t i n g  wi th  
o the r  spec i e s  t o  form new products ,  e t c . ,  i s  extremely important i n  
i n t e r p r e t i n g  atmospheric parameters.  Because of t h i s , a n  at tempt  has 
been made where poss ib l e ,  i n  t h e  d e s c r i p t i o n  and a n a l y s i s  of our s p e c t r a ,  
t o  i n t e r p r e t  them i n  terms of t h e  p o s s i b l e  o r  probable mechanisms. No 
at tempt  has been made t o  provide a  comprehensive a n a l y s i s  of t he  d a t a  o r  
t o  compare t h e  c ross  s ec t ions  wi th  any of t h e  previously published m a t e r i a l .  
We have a l s o  at tempted t o  present  t h e  da t a  g raph ica l ly  i n  a s  s imple 
and s tandard ized  format a s  poss ib l e .  The c ros s  s e c t i o n s  were a l l  
measured l i n e a r l y  i n  u n i t s  of megabarns (1Mb 2 10"la cm2) and were 
measured over t h e  range 1050 t o  22002, above which t h e  abso rp t ion  was 
found t o  be q u i t e  weak. It is  hoped t h a t  wi th  t h i s  s tandard  method of 
g raph ica l  p re sen ta t ion  one can have quick and simple acces s  t o  abso rp t ion  
c r o s s  s e c t i o n s  of many p o s s i b l e  atmospheric c o n s t i t u e n t s .  
THEOETIeAL DISCUSSION 
The measurement of abso rp t ion  c r o s s  s e c t i o n s  i s  based on t h e  
Lamber t -Beer law, 
I = I exp ( - a n L ) ,  X OX X 
where I i s  t h e  inc iden t  f l u x  of wavelength X, I is t h e  f l u x  t r a n s -  
X mi t t ed  ?&rough t h e  absorbing gas,  a i s  t h e  abso rp t ion  c r o s s  s ec t ion ,  
n is t h e  molecular dens i ty  of t h e  absorbing gas,  and L i s  t h e  abso rp t ion  
pa th  length.  
The abso rp t ion  c ros s  s e c t i o n  is  r e l a t e d  t o  t h e  abso rp t ion  co- 
e f f i c i e n t  k  by t h e  r e l a t i o n s h i  o = k /no where no i s  Loschmidt 's  
number (2.7% molecules/cm5 a$ S T P ~ .  
The Lambert-Beer law i s  v a l i d  only f o r  t r u l y  monochromatic r a d i a -  
t i o n  of in£ i n i t e l y  narrow bandpass. However, i f  t h e  abso rp t ion  c r o s s  
s e c t i o n  does no t  vary  o r  i s  a  s lowly varying func t ion  of t h e  wavelength 
over a  given bandpass AX, a n  e f f e c t i v e  c ros s  s e c t i o n  can be measured f o r  
t h i s  bandpass. This  technique  can be r e a d i l y  app l i ed  t o  smooth absorp-  
t ion  cont inua . 
The s i t u a t i o n  is  much more complicated i n  t h e  s p e c t r a l  r eg ions  
where t h e r e  i s  sharp  d i s c r e t e  s t r u c t u r e .  Unless t h e  ins t rumenta l  band- 
width is  l e s s  than  t h e  width of t h e  s p e c t r a l  f e a t u r e s , t r u e  c r o s s  s e c t i o n s  
cannot be obtained.  Previous ly  t h e  c r i t e r i o n  t o  o b t a i n  t r u e  c r o s s  
s e c t i o n s  was based on t h e  observa t ions  of t h e  p re s su re  dependence of 
t h e  c r o s s  s ec t ions .  That is ,  Beer ' s  law was assumed t o  be v a l i d  i f  a  
p l o t  of l n ( 1 / 1 ~ )  v s  n w a s  l i n e a r .  The t r u e  c ros s  s e c t i o n  was then  equal  
t o  t h e  s l o p e  of t h e  curve. I f  t h e  ins t rumenta l  bandwidth was g r e a t e r  
than  t h e  l i n e  width of t h e  d i s c r e t e  s t r u c t u r e , t h e  l i n e a r i t y  r e l a t i o n  d i d  
not  ho ld  and a  "pressure e f f e c t "  was observed. I n  t h i s  c a s e , t h e  common 
p r a c t i c e  was t o  e x t r a p o l a t e  t h e s e  p re s su re  dependent curves t o  zero  
p re s su re  t o  ob ta in  t h e  t r u e  abso rp t ion  c ros s  s ec t ions .  However, both 
t h e s e  c r i t e r i a  can be misleading. Hudson and Car t e r  (Ref. 1 )  have 
demonstrated t h a t  t h e  abso rp t ion  c r o s s  s e c t i o n  can decrease  r a p i d l y  by 
a  f r a c t i o n  of 1 t o  0.4 of i t s  peak va lue  a s  t h e  r a t i o  of t h e  bandwidth 
t o  l i n e  width v a r i e s  from 0 t o  2, even though a  s t r a i g h t  l i n e  p l o t  of 
l n ( I / I o )  v s  n can be obta ined  over t h i s  range. 
The present  experimental arrangement had a  bandpass of 0.252 
which i s  a t  l e a s t  two o rde r s  of magnitude wider than  t h e  Doppler width 
of any unperturbed r o t a t i o n a l  abso rp t ion  l i n e .  It i s  thus  important 
t o  remember t h a t  t h e  maxima of t h e  c r o s s  s e c t i o n  d a t a  i n  t h e  d i s c r e t e  
o r  banded reg ions  of t h e  spectrum w i l l  r ep re sen t  lower l i m i t s ,  wh i l e  
t h e  minima r ep resen t  upper l i m i t s .  I n  s p i t e  of t h e s e  l i m i t a t i o n s , t h e  
da t a  a r e  s t i l l  v a l i d  a s  a  good guide t o  t h e  r e l a t i v e  i n t e n s i t i e s  of 
d i f f e r e n t  absorp t ion  reg ions .  
PNST RUmNTAT ION 
This  work was accomplished wi th  a  McPherson Model 225 one meter,  
vacuum uv scanning monochromator. The instrument ,  i n  i t s  p re sen t  con- 
f i g u r a t i o n ,  has  a  one meter r a d i u s  of cu rva tu re  and a  1200 L/mm g r a t i n g ,  
blazed a t  15008. This  g ives  a  r e c i p r o c a l  d i spe r s ion  of 8.38/mm. 
The unique f e a t u r e  of t h e  p re sen t  experimental arrangement i s  a  
McPherson Model 665 double beam attachment t h a t  was incorpora ted  wi th  
t h e  monochromator. This  a t tachment  has  two o p t i c a l  pa ths  with i d e n t i c a l  
abso rp t ion  c e l l s  (one i s  a  r e f e rence  c e l l )  and a  v i b r a t i n g  mirror  t h a t  
a l t e r n a t e l y  r e f l e c t s  t h e  d ispersed  l i g h t  beam through each c e l l .  The 
a l t e r n a t i n g  s i g n a l s  a r e  measured by two independent pho tomul t ip l i e r  
tubes  (EM1 9635 B wi th  sodium s a l y c y l a t e  coa t ings )  and t h e  logari thm 
of t h e  r a t i o  of t h e  two s i g n a l s  i s  evaluated by a  logar i thmic  r a t iome te r  
and then  r e g i s t e r e d  on a  l i n e a r  s t r i p  c h a r t  recorder .  I f  a  known gas 
p re s su re  is introduced i n t o  one of t h e  absorp t ion  c e l l s  whose length  is  
a c c u r a t e l y  known, then t h e  abso rp t ion  c ros s  s e c t i o n  can be determcned 
d i r e c t l y  from t h e  recording.  
For t h i s  technique t o  be most e f f e c t i v e , i t  i s  necessary  f o r  t h e  
o p t i c a l  paths  inc luding  t h e  window t ransmiss ions  of t h e  c e l l s  t o  be a s  
i d e n t i c a l  a s  poss ib l e  a t  a l l  wavelengths considered.  I f  t h e  o p t i c a l  
pa ths  a r e  proper ly  balanced, then one w i l l  o b t a i n  a  smooth h o r i z o n t a l  
base  l i n e  f o r  e f f e c t i v e  zero c r o s s  s e c t i o n  when t h e r e  is no absorbing 
gas i n  e i t h e r  c e l l .  This  p e r f e c t  balancing was, i n  p r a c t i c e ,  d i f f i c u l t  
t o  a t t a i n  a s  it is  shown on t h e  experimental t r a c e s .  The major problem 
i s  t o  o b t a i n  p e r f e c t l y  matched LiF windows. However, by baking t h e  
windows i t  i s  p o s s i b l e  t o  o b t a i n  a  reasonably good base l i n e  t h a t  would 
in t roduce  smal l  inaccurac ies  of only a  few percent  a t  t h e  lower end 
of t h e  wavelength sca l e .  
The l i g h t  source was a  McPherson 630 vacuum uv lamp. It is  a  DC 
c a p i l l a r y  d ischarge  source  s i m i l a r  t o  t he  design by Hinteregger  (Ref. 2). 
One e l e c t r o d e  i s  water cooled wh i l e  t h e  o t h e r  i s  cooled by forced  a i r .  
The lamp was operated wi th  hydrogen a t  a  p re s su re  of approximately 1 
t o r r  and a t  a  cu r r en t  of about  400 mA. The hydrogen spectrum is  a  con- 
tinuum down t o  about 1650g. I n  t h e  wavelength reg ion  1050 t o  16508 t h e  
spectrum is  composed of a  l a r g e  number of very c l o s e l y  spaced l i n e s .  
It was hoped t h a t  t h e  h igh  cu r ren t  and p re s su re  would broaden t h e  
l i n e s  s u f f i c i e n t l y  so  t h a t  they  overlap thus c r e a t i n g  a n  e f f e c t i v e  
continuum. This i s  a  c r i t i c a l  requirement f o r  c r o s s  s e c t i o n s  s i n c e  t h e  
absence of l i n e s  i n  t h e  primary spectrum could r e s u l t  i n  s e r i o u s  anomalies 
i n  t h e  absorp t ion  spectrum. The lamp was operated windowless w i th  t h e  
gas flow through t h e  monochromator en t rance  s l i t .  
The gases and vapors t o  be s tud ied  were introduced and con t ro l l ed  
wi th  a  gas f i l l i n g  system which included a  needle  leak  va lue ,  a  d i f f u s i o n  
pump and several vapor traps, a S"icLeod gauge, a thermocouple eauge (0-100 
microns), and an oil monometer for pressures up to 30 torr. Vapors were 
introduced through a double stopcock-flask arrangement on the same 
system. The gas pressures for the cross section measurements were read 
with the oil monometer over the range from 0.05 torr - 3 0 , O O  torr (4- 0 - 0 5  
n 
torr) which was adequate for most of the measurements. 
EXPERIMENTAL, TECHNIQUE 
With the  ins t rumenta t ion  ju s t  desc r ibed , the  a c t u a l  a t ta inment  of 
the  c ross  s e c t i o n a l  d a t a  i s  r e l a t i v e l y  s implei  Af t e r  a good base l i n e  
has been obta ined ,  a  known pressure  of gas i s  introduced i n t o  t h e  ab- 
so rp t ion  c e l l  and the  wavelength range of i n t e r e s t  i s  scanned. Using 
t h i s  t r a c e  a s  an i n d i c a t o r ,  gas can e i t h e r  be added t o  o r  taken away 
from t h e  c e l l  t o  a d j u s t  t he  t r a c e  readings i n t o  t h e  most accu ra t e  and 
readable range. Because of t he  increased poss ib l e  e r r o r  a t  t h e  extreme 
ends of the  c ros s  s e c t i o n  s c a l e , i t  was decided t o  make t h e  measurements 
over one decade only .  The t r a c e s  were run f o r  a t  l e a s t  t h r e e  d i f f e r e n t  
absorp t ion  c e l l  p ressures  and the  c ros s  s ec t ions  f o r  regions of continuous 
absorp t ion  had t o  agree  t o  we l l  w i th in  experimental  e r r o r  before  a  t r a c e  
was f e l t  t o  be r e l i a b l e .  
Carbon Monoxide 
The band spectrum of CO has been reviewed i n  d e t a i l  by Krupenie 
(Ref. 3 ) .  The review inc ludes  r e f e rences  up t o  and inc luding  1965. 
For wavelengths longer than 12002, t h e  most dominant absorp t ion  
f e a t u r e  i s  t h e  CO f o u r t h  p o s i t i v e  system t h a t  extends from about  1200 
t o  1544x (see  F igure  1 ) .  This  system has  been a sc r ibed  t o  an  AIR- X ~ C  
t r a n s i t i o n  and i s  degraded t o  t h e  long wavelength s ide .  I n  t h e  absence 
of c o l l i s i o n a l  q ~ e n c h i n g ~ a b s o r p t i o n  by t h i s  system r e s u l t s  i n  t h e  
emission of f l uo rescence  i n  t h e  s p e c t r a l  reg ion  up t o  2750g. I n  t h e  
sharp  peaks of t h e s e  b a n d ~ ~ e x t r e m e l y  h i g h l ~ s o l u t i o n  work (Ref. 4 )  has  
shown t h a t  t h e r e  a r e  many r o t a t i o n a l  l i n e s  which we a r e  obviously unable 
t o  reso lve .  Because of t h e  d i s c r e t e  n a t u r e  of t h i s  s t r u c t u r e , t h e  absorp- 
t i o n  c ros s  s e c t i o n s  presented h e r e  r ep re sen t  lower l i m i t s .  However, 
they a r e  about a  f a c t o r  of four  g r e a t e r  than  those  quoted by Watanabe, 
e t  a 1  (Ref. 5 )  which r e f l e c t s  t he  h igher  r e s o l u t i o n  of  t h e  p re sen t  work. 
The c ros s  s e c t i o n s  f o r  s e v e r a l  of t h e  peaks were measured a s  a  func t ion  
of t h e  gas p re s su re  (var ied  by a  f a c t o r  of 2) )  and were found t o  be 
independent of t h e  p re s su re .  However, a  cons iderable  p re s su re  e f f e c t  
was found f o r  t h e  l e s s  i n t e n s e  abso rp t ion  r eg ion  of t h e  bands away 
from t h e  head. 
The improved r e s o l u t i o n  of our  t r a c e  demonstrates t h a t  t h e r e  i s  
n o t  a  s i g n i f i c a n t  continuum underlying t h e  1300-16002 reg ion  a s  was 
apparent  i n  t h e  d a t a  of Watanabe, e t  a 1  (Ref. 5).  The Cameron bands were 
de t ec t ed  i n  t h e  reg ion  around 19002, bu t  t h e i r  abso rp t ion  was s o  weak 
and u n r e l i a b l e  t h a t  we d id  not  inc lude  them i n  t h e  da t a  t r a c e .  The ab-  
s o r p t i o n  c r o s s  s e c t i o n s  of t hese  bands have been r epor t ed  by Thompson, 
e t  a 1  (Ref. 6 ) .  
The reg ion  from 1150 t o  1050a had s e v e r a l  s t rong  and very sharp  
absorp t ion  bands belonging t o  the  Rydberg s t a t e s  ( E ~ I I ,  c l e ,  glZf) - 
 XI^, There a l s o  appears t o  be a  case  of d i s s o c i a t i o n  continuum 
below l l00a  ( t h e  minimum wavelength necessary t o  d i s s o c i a t e  CO i s  
l l 0 8 a .  A weak continuum poss ib ly  does e x i s t .  However, t h e  magni- 
tude of the p re sen t  apparent continuum i s  probably caused by a  lack 
of r e s o l u t i o n .  
One o the r  i n t e r e s t i n g  f e a t u r e  of t h e  f o u r t h  p o s i t i v e  system i s  
t h a t  t h e  (14,O) band over laps  t h e  Lyman a: l i n e  (1215.672) (Ref. 4 ) .  
The Lyman o: r a d i a t i o n  emit ted by t h e  sun has  a  l i n e  width of approxi-  
mately d( Ref. 7).  Thus,any i n t e r a c t i o n  of t h e  s o l a r  Lyman a l i n e  wi th  
CO w i l l  c e r t a i n l y  e x c i t e  r o t a t i o n a l  members of t h e  (14,O) band. Lyman a 
i s  an  extremely s t r o n g  s o l a r  emission l i n e  and resonance s c a t t e r i n g  by 
t h e  (14,O) band could be of s i g n i f i c a n c e  i n  t he  study of t he  s c a t t e r i n g  
of s o l a r  r a d i a t i o n  by atmospheres conta in ing  CO. 
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The vacuum uv spectrum of ammonia c o n s i s t s  of four  gross  f e a t u r e s  
or  reg ions  (see Figure 2), There has been cons iderable  photochemical work 
done i n  t h i s  reg ion .  From 2200 t o  1700,8, t h e r e  i s  a  broad f e a t u r e  t h a t  
c o n s i s t s  of a  continuum overlapped by a  s e r i e s  of broad, d i f f u s e  and un- 
r e so lvab le  bands. The photochemical r e a c t i o n  t h a t  has been repor ted  f o r  
t h i s  f e a t u r e  i s  (Ref. 8 ) :  
The extreme d i f fuseness  of t h e  apparent  banded s t r u c t u r e  sugges ts  
t h a t  t h e r e  is  some p r e d i s s o c i a t  ion mechanism ope ra t ive .  
The next  reg ion  of i n t e r e s t  i s  a  s e r i e s  of very  sharp  bands be- 
tween 1650 and 15008. Neuim5n and Terenin (Ref. 9) demonstrated t h a t  
t h e  fol lowing r e a c t i o n s  occur i n  t h i s  reg ion .  
* 
followed by NH2 -f. NH2 + a bands ( f luorescence) .  
From t h e  observations and apparent  lack  of continuum i n  t h i s  r e g i o n , i t  
seems probable  t h a t  p r e d i s s o c i a t i o n  i s  t h e  e f f e c t i v e  process .  
Becker and Welge (Ref. 8 observed t h e  f luorescence  of t h e  NH 
r a d i c a l  a t  32508 f o r  < i n  t h e  fol lowing r e a c t i o n .  
1 NH + hv -r NH* (A X, v '  = 0 )  4- H2 
3 
1 1 NH*+NH+hv ( A X - X A )  
The s p e c t r a l  reg ion  from 1450 t o  12008 c o n s i s t s  of s t rong ,  moder- 
a t e l y  broad bands overlapped on a  r e l a t i v e l y  weak apparent  continuum. 
This  may only be a n  apparent  continuum due t o  t h e  lack  of r e s o l u t i o n  o r  
due t o  t h e  smearing of t h e  bands i n  p red i s soc i a t ion .  
A t  about  12308,there i s  t h e  onse t  of a  s t rong  continuum wi th  some 
weak s t r u c t u r e  superimposed on i t .  This  continuum onse t  corresponds t o  
t h e  i o n i z a t i o n  threshold  of ammonia and ag rees  wi th  t h e  photo ioniza t ion  
da t a  obta ined  by Watanabe (Ref. 10) .  
Methane 
The s t r u c t u r e  of t h i s  spectrum appears t o  be continuous a t  a l l  wave- 
lengths wi th  very l i t t l e  sharp s t r u c t u r e  (see Figure 3 ) .  The f i r s t  continuum 
onset  i s  a t  about 1500a and from t h e r e  down the absorp t ion  i s  q u i t e  s t r o n g .  
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Ai. a b o u t  1230g9 there  is an z ippa ren t  onset oi. a iiiuilii s t r onge r  corliinuous 
absorption with some weak structure superimposed on top of it. 
N i t r i c  Oxide 
The reg ion  from 2200 t o  1400g con ta in s  a  l a r g e  number of overlapping 
v i b r a t i o n a l  bands belonging t o  t h e  @, a, and 6 resonance band systems. 
Seve ra l  numbers of each of t h e s e  systems a r e  i d e n t i f i e d  i n  F igure  4.  
The s t r o n g e s t  bands belong t o  t h e  6 system (c2n - x21L) which i s  a  s e r i e s  
of double headed bands degraded t o  s h o r t e r  wavelength. The bands de- 
graded t o  t h e  r e d  a l l  belong t o  t h e  @ ( B ~ X  - x2n) system. The c r o s s  
s e c t i o n s  of t h e s e  bands a r e  probably only approximate a s  Marmo has re- 
po r t ed  a  p re s su re  e f f e c t  (Ref. 11).  
The r eg ion  from 1350a down c o n s i s t s  of a r e l a t i v e l y  s t rong  continuum 
superimposed wi th  d i f f u s e  bands. The f i r s t  i o n i z a t i o n  p o t e n t i a l  has  been 
r epo r t ed  t o  be  1338g (Ref. 12) which is  i n  agreement w i th  t h e  onse t  of 
our  observed continuum. Th i s  continuum h a s  a l s o  been demonstrated t o  be 
p a r t i a l l y  due t o  pho tod i s soc i a t i on  wi th  N ( 2 ~ )  and 0  ( 3 ~ )  a s  t h e  d i s s o c i a -  
t i o n  products .  The c r o s s  s e c t i o n  d a t a  of t h i s  r eg ion  i s  i n  good agreement 
w i t h  Watanabe (Ref. 13).  
Sulphur Dioxide 
There is  a  broad abso rp t ion  f e a t u r e  t h a t  extends from 1700 t o  22002 
(see  F igure  5 ) .  This  e n t i r e  r eg ion  appears  t o  have an under ly ing  continuum 
wi th  s t r u c t u r e  superimposed on i t .  The s t r u c t u r e  can be d iv ided  i n t o  two 
r eg ions ,  one from 1930 t o  22002 and another  from 1930 t o  170061. The longer  
of t h e s e  two regions i s  w e l l  def ined band s t r u c t u r e  and has been descr ibed  
by D r i s c o l l  and Warneck (Ref. 14) a s  e l e c t r o n i c  e x c i t a t i o n  of SO2. The 
second reg ion  c o n s i s t s  of d i f f u s e  smeared bands and i s  probably a  pre-  
d i s s o c i a t i o n  of some k ind .  The underlying continuum has been descr ibed  
a s  due t o  d i s s o c i a t i o n  i n  t h e  fol lowing r e a c t i o n .  
There i s  ano the r  continuum between 1330 and 1700a reg ion  wi th  d i f f u s e  
and i r r e g u l a r  s t r u c t u r e  superimposed on t o  of i t .  This  continuum l eads  P t o  a  s e r i e s  of  very  s t r o n g  bands from 1330 t h a t  have been i n t e r p r e t e d  
a s  resonance members i n  a  Rydberg s e r i e s  converging t o  t h e  i o n i z a t i o n  
l i m i t  of 10062 (Ref. 15) .  There i s  a l s o  a  weak system i n  t h e  2000 t o  
3000a region.  
Water Vapor 
There i s  a  very broad s t r u c t u r e l e s s  continuum t h a t  extends from 1440 
t o  186061 t h a t  has been shown t o  be photodissoc ia t ion  y i e l d i n g  ground s t a t e  
hydroxyl r a d i c a l s  ( see  F igure  6 ) ,  i . e .  
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At 14402, a  second continuum beg ins  and peaks a t  12402 where it rner e s  
i n t o  a s e r i e s  of i r r e g u l a r  d i f f u s e  bands ,  At wavelengths l e s s  t h a n  1350 1 , 
~t becomes e n e r g e t i c a l l y  possFble  f o r  t h e  fragment r a d ~ c a i s  t o  be e l e c t r o n -  
i c a l l y  e x c i t e d  and i n  f a c t  f l u o r e s c e n c e  h a s  been observed i n  t h e  30622 (0,O) 
band of OH (Ref,  1 6 ) .  
and OH (A 2X+) + hv + OH (X 211) 
The f i r s t  few bands from 1250 t o  1150a seem somewhat broadened and d i f f u s e  
sugges t ing  p red i s soc i a t ion .  The bands from 1150 t o  10508 a r e  very sharp  
and s t rong  and a r e  resonance bands belonging t o  t he  Rydberg s e r i e s  which 
converges t o  982a. 
Carbon Dioxide 
There i s  a  broad absorp t ion  f e a t u r e  of in te rmedia te  s t r e n g t h  t h a t  ex-  
tends from - 1350 t o  18002 t h a t  i s  probably caused by the  overlapping of a t  
l e a s t  two cont inua t h a t  a r e  superimposed wi th  v i b r a t i o n a l  s t r u c t u r e  ( see  
Figure 7 ) .  This  v i b r a t i o n a l  s t r u c t u r e  above 14008 i s  weak and very d i f f u s e  
sugges t ing  the  p o s s i b i l i t y  of p red i s soc i a t ion .  Below 1400a, t he  s t r u c t u r e  
i s  s t r o n g  and much sha rpe r .  
A t  11208 and lower, t h e r e  a r e  s e v e r a l  very s t rong  and sharp f e a t u r e s  
t h a t  appear t o  be continuous i n  some reg ions ,  but  have been repor ted  t o  
be Rydberg terms (Ref. 17) .  
The r e a c t i o n  processes  f o r  t h i s  molecule a r e  q u i t e  poorly understood. 
However, t he  fol lowing mechanisms a r e  e n e r g e t i c a l l y  poss ib l e .  
There i s  a  d e f i n i t e  need f o r  f u r t h e r  s tudy of t h i s  molecule and i t s  
photochemical p r o p e r t i e s .  
Oxygen 
The dominant f e a t u r e  of t h e  oxygen vacuum uv spectrum i s  t h e  Schumann- 
Runge continuum and band system (see F igure  8 and 9 ) .  Absorption i n  t h e  
3 - band system causes e x c i t a t i o n  t o  one of t h e  v i b r a t i o n a l  l e v e l s  of t he  ( X ) 
s t a t e  which c ros ses  t h e  energy curve of t he  3~ s t a t e  and permits  a  p re -  U 
d i s s o c i a t i o n  mechanism t o  ground s t a t e  oxygen atoms. That i s  
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Base 
L i n e  
F i g u r e  9. A b s o r p t i o n  c r o s s  s e c t i o n  of 02 as  a f u n c t i o n  o f  w a v e l e n g t h  
b e t w e e n  2000W and 1750a. 
T h e  followi~~g reaction is very likely responsible for tl-ie c u i ~ t i n u u i i l .  
The reg ion  from 1050 t o  about  1270a i s  cha rac t e r i zed  by a  s e r i e s  
of i r r e g u l a r  bands, some of cons iderable  s t r eng th .  S ince  t h e  f i r s t  
i o n i z a t i o n  p o t e n t i a l  i s  a t  10262, some of t h e s e  bands a r e  very l i k e l y  
members of t h e  Rydberg s e r i e s  leading t o  t h i s  onse t .  The d i f fuseness  
of some of t h e s e  bands sugges ts  t h e  poss ib i l i ty  t h a t  they  a r e  a l s o  a f f e c t e d  
by p red i s soc i a t ion .  
Hydrogen Chloride 
A s  a  t r a c e  atmospheric c o n s t i t u e n t ,  HCg could be a  very s i g n i f i c a n t  
f a c t o r  i n  t h e  vacuum uv spectrum of p l ane t s .  There i s  a n  extremely 
s t rong  band system t h a t  was f i r s t  de tec ted  by P r i c e  (Ref. 18) and denoted 
by him a s  t h e  C s t a t e .  This  system has s e v e r a l  v i b r a t i o n a l  members t h a t  
have been i d e n t i f i e d  a s  fo l lows  (see Figure 10):  
A v i b r a t i o n a l  a n a l y s i s  of t hese  bands y i e l d s  t h e  fol lowing molecular 
cons t an t s ,  
- 1 
w = 2880 cm 
e  
- 1 
w x  = 8 0  cm , 
e  e  
which a r e  i n  s l i g h t  disagreement wi th  those  r epo r t ed  by P r i ce .  These 
bands a r e  very sharp  and w e l l  s t r u c t u r e d  wi th  very l a r g e  abso rp t ion  c ros s  
s ec t ions ,  e s p e c i a l l y  f o r  t h e  (0,O) band which was measured (with some 
unce r t a in ty  due t o  p re s su re  e f f e c t )  t o  have a  lower l i m i t  of 300 mega- 
barns.  We a l s o  observe t h e  weak s a t e l l i t e  bands t h a t  P r i c e  noted on t h e  
s h o r t  wavelength s i d e  of each of t h e s e  bands. I n  t h e  absence of  quench- 
ing c o l l i s i o n s  and p r e d i s s o c i a t i o n , i t  i s  p o s s i b l e  t h a t  t h e s e  bands may 
a l s o  be observed s t r o n g l y  i n  f luorescence .  
P r i c e  a l s o  i d e n t i f i e d  a  sharp  band a t  133021 which he designated a s  
t h e  B s t a t e .  This  system does no t  appear t o  have any v i b r a t i o n a l  mem- 
b e r s  o r  s a t e l l i t e  bands. Both t h e  B and C s t a t e s  a r e  probably resonance 
Rydberg terms. 
The reg ion  from 1150 t o  105021 has many overlapping bands, some 
sharp,  some d i f f u s e  which a r e  a l s o  l i k e l y  Rydberg s e r i e s  members, but  
a r e  too complicated t o  p o s i t i v e l y  i d e n t i f y .  
There i s  an ex tens ive  continuum from approximately 1300 t o  21002 
t h a t  p a r t i a l l y  over laps  t h e  B s t a t e  and some of  t h e  C s t a t e .  This  i s  
very  l i k e l y  caused by a  d i r e c t  d i s s o c i a t i o n  process  i n  e i t h e r  o r  both 
of t h e  fol lowing r e a c t i o n s .  
F
ig
u
re
 1
0.
 
A
bs
or
pt
io
n 
c
r
o
s
s
 
s
e
c
t
io
n 
o
f 
H
C
I 
a
s
 
a
 
fu
nc
ti
on
 o
f 
w
a
v
e
le
ng
th
 
fr
om
 
10
50
 t
o
 2
15
0#
. 
Iod ine  
The vacuum uv spectrum of I has  long been commonly i d e n t i f i e d  and 2  
a s s o c i a t e d  w i t h  t h e  a b s o r p t i o n  system i n  t h e  1790-22008 region.  I n  
F igu re  11 t h i s  f e a t u r e  appears  t o  be  a n  abso rp t ion  continuum composed 
of two o r  t h r e e  over lapping  cont inua.  A t  a s lower scan  speed ( s ee  
F igu re  12),  it can be  seen  t h a t  t h e r e  appears  t o  be  a n  ex t ens ive  
s e r i e s  of v i b r a t i o n a l  bands superimposed on top  of t h e  apparen t  
continuum. The r eg ion  from 1780 t o  1340g con ta in s  s e r i e s  of very  s t r o n g  
and sharp  band systems. These bands a r e  resonance systems t h a t  a r e  mem- 
b e r s  of t h e  Rydberg s e r i e s  lead ing  t o  t h e  v a r i o u s  i o n i z a t i o n  s t a t e s .  The 
r eg ion  below t h e  i o n i z a t i o n  l i m i t  a t  13408 i s  composed of continuous absorp-  
t i o n  w i th  s t r u c t u r e  superimposed on top  of i t .  
I n  F igu re  12,unambiguous i n t e r p r e t a t i o n  of t h i s  f e a t u r e  i s  found 
t o  be  extremely complex. It i s  very  d i f f i c u l t  t o  determine whether i t  
is  caused by s e v e r a l  overlapping cont inua w i t h  a  s e r i e s  of weak and 
d i f f u s e  abso rp t ion  bands superimposed on top  of  i t  o r  by t h e  overlapping 
t o  two weak band systems whose s t r u c t u r e  i s  e i t h e r  d i f f u s e  o r  unreso lvable  
w i t h  t h e  p re sen t  r e s o l u t i o n .  The v i b r a t i o n a l  spac ing  of t h e s e  bands i s  
c o n s i s t a n t  wi th  t h a t  r epo r t ed  f o r  t h e  Cordes bands (Ref. '19), i n  t h i s  
s p e c t r a l  region,  t h e  upper s t a t e  of which is  s t i l l  y e t  t o  be uniquely 
ass igned .  This  i s  an  extremely complicated spectrum t h a t  w i l l  r e q u i r e  
ve ry  h igh  r e s o l u t i o n  work be fo re  i t  i s  proper ly  analyzed and i n t e r p r e t e d .  
The resonance bands from 17808 down t o  t h e  i o n i z a t i o n  l i m i t  a r e  
very  w e l l  def ined  and s t rong .  They a r e  a l l  somewhat s i m i l a r  a s  they ex- 
h i b i t  t h e  same type  of  v i b r a t i o n a l  s t r u c t u r e .  A s  w e l l  a s  t h e  v" = 0 t o  
V '  = 0, 1, 2, . . . n abso rp t ion  progress ion ,  i o d i n e  has  t h e  v" = 0, 1, 
2, 3 t o  v '  = 0 progress ion .  Th i s  i s  because t h e  upper v i b r a t i o n a l  l e v e l s  
of t h e  ground s t a t e  f o r  i od ine  a r e  p a r t i a l l y  populated a t  room temper- 
a t u r e .  Using t h e  f i r s t  resonance band a t  - 17408, we at tempted a  prev ious ly  
unobtained v i b r a t i o n a l  a n a l y s i s  of t h e  upper s t a t e .  Bef o r e  a t t empt ing  
t h i s  however, we used t h e  bands of t h e  v '  = 0, v" = n progress ion  t o  
c a l c u l a t e  t h e  v i b r a t i o n a l  cons t an t s  of t h e  ground s t a t e .  It was f e l t  t h a t  
we could o b t a i n  a  f e e l i n g  f o r  t h e  r e l i a b i l i t y  of our c a l c u l a t i o n s  f o r  t h e  
upper s t a t e  by comparing our r e s u l t s  f o r  t h e  ground s t a t e  wi th  t h e  r e l i a b l e  
va lues  r e a d i l y  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  
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The c u r r e n t l y  accepted value i n  t h e  l i t e r a t u r e  of t he  ground s t a t e  
v i b r a t i o n a l  frequency cue i s  214 cm-l (Ref. 12) .  Our v i b r a t i o n a l  ass ign-  
ment and c a l i b r a t i o n  y i e l d s  an cu, value of 216 cm-I which i s  d e f i n i t e l y  
w i t h i n  experimental e r r o r  a t  the  present  r e so lu t ion .  Performing t h e  same 
c a l c u l a t i o n s  f o r  t he  upper s t a t e ,  we ca l cu la t ed  an assignment of (be = 218 
cm-I and ro,xe = 11 cm-1. These va lues  ( e s p e c i a l l y  t he  cuexe) a r e  sub jec t  
t o  cons iderable  e r r o r  as  they  a r e  der ived  from the  band peaks but  they  
a r e  capable of r e d i c t i n g  the  peak wavelengths t o  w i t h i n  b e t t e r  than  
0.58 ( - 16 c m  a t  17408). 
We d id  not  a t tempt  a  v i b r a t i o n a l  a n a l y s i s  of any of t he  h ighe r  l y ing  
resonance s t a t e s  a s  they  begin t o  merge and overlap making a  p o s i t i v e  
i d e n t i f i c a t i o n  r a t h e r  d i f f i c u l t .  We were, however, ab l e  t o  i d e n t i f y  
s eve ra l  members of t h e  Rydberg s e r i e s  lead ing  t o  t he  f i r s t  i o n i z a t i o n  
s t a t e  (Ref. 20).  The ion iza t ion  l i m i t  was ca l cu la t ed  t o  be 75,814 + 20 
cm-I which corresponds t o  a  wavelength of 1319.02 f 0.178 o r  9.4 -f- 0.001 eV. 
This i s  i n  good agreement wi th  t h e  photo ioniza t ion  onse t  work of Watanabe 
a t  9.82 eV (Ref. 21) and i n  f a i r  agreement wi th  the  photoe lec t ron  spec- 
t roscopy work of F ros t  a t  9.33 eV (Ref. 22).  It i s  i n t e r e s t i n g  t o  note  
on t h e  experimental  t r a c e  t h a t  t h e  Rydberg l i m i t  corresponds t o  an ap- 
parent  continuum onse t .  There a r e  a l s o  f e a t u r e s  on t h e  t r a c e  t h a t  roughly 
co inc ide  wi th  the  h igher  i on iza t ion  p o t e n t i a l s  a s  measured by F ros t  
(Ref. 22). 
Iodine Cyanogen 
There has  been increased i n t e r e s t  i n  t h e  vacuum uv s p e c t r a  of  I C N ,  
e s p e c i a l l y ,  s i n c e  it has been shown t o  be a  good photochemical source of 
t h e  CN f r e e  r a d i c a l .  Photochemical sources of fragmented r a d i c a l s  have 
a  s i g n i f i c a n t  advantage over o the r  d i scharge  o r  shock tube sources as  
t h e  energy d i s t r i b u t i o n  of t he  r e s u l t i n g  fragments i s  much e a s i e r  t o  
con t ro l .  
CN i s  an extremely important r a d i c a l  of aeronomical and a s t ron -  
omical i n t e r e s t  and f o r  t h i s  reason it was decided t o  measure t h e  vacuum 
uv absorp t ion  c ros s  s ec t ions  of I C N  ( see  Figure 13) .  
The spectrum i s  cha rac t e r i zed  by two long wavelength photodissocia-  
t i o n  cont inua  followed by a  s e r i e s  of s t r o n g  resonance Rydberg terms 
leading  t o  t h e  i o n i z a t i o n  l i m i t s .  The f i r s t  of t hese  cont inua is found 
i n  t h e  r eg ion  from 2100 t o  3000% and t h e  fol lowing r e a c t i o n  has  been 
shown t o  be i n  t h e  process  respons ib le  f o r  t h e  f e a t u r e  (Ref. 24).  
This f e a t u r e  has  been designated a s  t h e  A system and i s  shown i n  Figure 14. 
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The next continuum ( the  o: system) extends f r o m  1750 t o  71502 and  h a s  
been a sc r ibed  t o  t h e  fol lowing r e a c t i o n  mechanism ( R e f .  24)* 
The s t rong  bands from 1700a t o  t h e  f i r s t  i o n i z a t i o n  l i m i t  around 
1140X a r e  a l l  very s t r o n g  Rydberg terms. We were a b l e  t o  ana lyze  t h e  
bands t o  o b t a i n  t h e  terms of t h e  f i r s t  Rydberg s e r i e s .  The wavelengths, 
quantum numbers and quantum d e f e c t s  of t h e s e  terms a r e  l i s t e d  i n  Table 1. 
The ion iza t ion  l i m i t  f o r  t h i s  s e r i e s  was found t o  be 1140.6 + 0.18 o r  
87,675 2 8 cm-I o r  10.87 eV -t- 0.001 eV. This  compares surpr?singly w e l l  
w i t h  t h e  va lue  quoted by ~ i n g  and Richardson (Ref. 25) who obta ined  a  
v a l u e  of 87,719 cm'l by us ing  only t h e  f i r s t  two terms of t h e  s e r i e s .  
Usual ly t h e  quantum d e f e c t  of t h e  inner-most exc i t ed  o r b i t a l s  v a r i e s  
apprec iab ly  from t h e  va lue  of t h e  h igher  terms a s  we found f o r  t h e  c a s e  
i n  I but  t h i s  e f f e c t  i s  n o t  very  s u b s t a n t i a l  f o r  ICN. There i s  only 2: 
a  variation of about 10 percent  and t h i s  i s  probably r e spons ib l e  f o r  
t h e  good va lue  of t h e  i o n i z a t i o n  threshold  t h a t  King r e p o r t s .  Our above 
quoted va lue  a l s o  ag rees  extremely w e l l  wi th  the10.87 + 0.02 eV va lue  
found from photo ioniza t ion  s t u d i e s  of Dibe ler  and Lis ton  (Ref. 26). 
The spectrum appears  t o  be too complicated t o  a t tempt  t o  i d e n t i f y  
a  second s e r i e s  wi th  t h e  p re sen t  r e so lu t ion .  There i s  an  apparent  con- 
tinuum onse t  a t  about  11802 which i s  l i k e l y  due t o  a  lack  of r e s o l u t i o n  
of thes t rongRydberg  terms a s  they  approach t h e  s e r i e s  l i m i t  of t h e  
i o n i z a t i o n  continuum a t  11402. 
TABLE 1 
RYDBERG SERIES OF I C N  
,, 
A ' ?  Wavelength Quantum Number '~uan~tuh Def ec 
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